During atrial fibrillation there are beat-to-beat changes of ventricular rate, end-diastolic volume, end-diastolic pressure, and arterial pressure or resistance to ventricular ejection. The effect of these variables on left ventricular dynamics in man has been approached by studying single sequences of beats in patients with atrial fibrillation. An index of changes of left ventricular volume has been determined from the electrokymogram of left cardiac border. Left ventricular pressures have been measured at surgery or by the transbronchial technic. These studies provide a better understanding of the hemodynamics of the left ventricle during atrial fibrillation and demonstrate another approach to the study of left ventricular function in man.
FROM a hemodynamic point of view atrial fibrillation is characterized by 2 abnormalities, the fibrillating, ineffectively contracting atria and the irregularly contracting ventricles. A number of studies have been reported describing the effects of atrial fibrillation on cardiac output,'-'3 venous pressure, [13] [14] [15] [16] circulation time , ' 13, 17, 18 21 In general, these studies have indicated a decreased ability of the heart to function effectively as a pump when atrial fibrillation is present. To what extent this is due to the lack of normal atrial contraction and to what extent due to the irregular ventricular rhythm is not clear from studies to date. It has been shown that when the ventricular rate is rapid the phenomenon of pulse deficit is more marked and that the mean cardiac output is diminished.6 9 Since digitalis was used to slow the ventricular rates in these studies, it is difficult to be certain that the observed effects are due to the changes in ventricular rate and not to the positive inotropic effect of digitalis. This is a study of one of the abnormalities of atrial fibrillation, ventricular function under the conditions of the irregular ventricular rhythm as seen in this arrhythmia. The R-R interval and duration of ventricular diastole, show considerable beat-to-beat variation for any given R-R interval or period of diastole within a single sequence of beats.14' [22] [23] [24] [25] [26] A number of mechanisms have been suggested to explain why variations in the duration of just the preceding R-R interval or period of ventricular diastole do not adequately explain the beat-to-beat hemodynamic variations in this arrhythmia. Einthoven and Korteweg22 observed that the amplitude of a beat was determined not only by the preceding R-R interval, but also by the amplitude of the preceding beat. Lewis,'4 using the cardiometer in experimental animals with atrial fibrillation, showed that the variations of ventricular enddiastolic volume were not determined solely by the variations of the immediately preceding R-R interval. Wiggers'7 in studies of left ventricular pressures in experimental animals with this arrhythmia has shown that the rate of ejection and the ejection period do not depend on initial tension, or ventricular end-diastolic pressure, as in the heart with normal rhythm.
As a consequence of the ventricular arrhythmia of atrial fibrillation, there are beatto-beat variations of ventricular rate, volume of ventricular filling and ejection, and arterial pressure or resistance to ventricular ejection. The influence of these variables on beat-to-beat ventricular function has been studied. The study forms a basis for a better understanding of the arterial pressure variations as observed in this arrhythmia. In addition, such studies make it possible to utilize the beat-to-beat changes of ventricular end-diastolic volume and resistance to ejection secondary to an ar-rhythmia as another approach to the study of ventricular function in man.
METHODS
Studies have been performed on a total of 25 patients with atrial fibrillation, both with and without heart failure. The majority of patients had rheumatic heart disease with mitral stenosis and some had mitral insufficiency as well. One patient had myocarditis and severe left ventricular failure. Another had atrial fibrillation of undetermined etiology without other evidence of heart disease. Some subjects were and some were not receiving digitalis at the time of these studies.
Observations were recorded on a Sanborn Polyviso direct-writing, 4- an EKY that was a resistor-condensor coupling network with an approximately 1-second time constant. 28 In all currently available EKY units, the curves are modified by the decay characteristics of the unit, particularly when the heart rate is slow. Because of this difficulty a new type of directcoupled EKY that does not have these decay problems was developed by Boone and his associates.29 Studies on 2 patients with atrial fibrillation were performed with this unit. The results with these 2 types were qualitatively similar for the purposes of this study.
The resemblance of the ventricular border EKY curves to ventricular volume curves obtained on experimental animals has been noted by others.30-32 However, it is well recognized that the ventricular EKY is influenced not only by changes in ventricular volume, but also by shifts in heart position and changes in the shape of the heart.30-35 Ring and associates33-35 have used the EKY as a densogram to quantitate heart volume changes in experimental animals and man and have noted that the human heart has much smaller positional changes than the canine heart. In this present study EKY's were recorded from the left heart border and hence record border excursion rather than changes in density as in previous studies because patients with cardiac enlargement show such small changes of ventricular density during the cardiac cycle that the EKY requires additional amplification, which introduces serious technical problems, and because many of the patients had an enlarged left atrium that was superimposed on the left ventricle in the A-P projection, hence introducing an error in the ventricular densograms. The EKY curves in these studies were not used to determine absolute volumes, but to determine a relative index of ventricular volume change.
EKY's were recorded from the left heart border with the patient facing directly anterior and tilted head-up 450 to 600. The left heart border was explored by the EKY to find an area that showed little or no inward or outward motion during isometric contraction or isometric relaxation, as such excursions are a result of changes of heart shape or position and do not reflect volume changes.30 Such an area was usually found in the region of the mid left heart border. In a few patients, especially those with marked cardiac enlargement, no area could be discovered that showed little or no inward or outward motion during isometric contraction or relaxation. Curves from such patients and curves showing paradoxical motion were not suitable for the type of analysis used in this study. The patients suspended respirations during the recording period. EKY curves that satisfied these criteria were used to indicate the beat-to-beat changes in left ventricular end-diastolic and end-systolic volumes. An arbitrary baseline was selected, and the beat-to-beat variations of end-diastolic and eiad-systolic volume were expressed in terms of arbitrary units above or below the baseline ( fig. 1 
RESULTS

Arterial Pressure
One of the features of atrial fibrillation is the irregular ventricular rhythm, which is associated with irregularity of both rate and amplitude of the arterial pulse. The relation of the beat-to-beat variations of arterial pulse pressure and systolic pressure to the variations in the duration of the immediately preceding R-R interval has been determined in 10 cases. In each case 50 to 100 successive beats were analyzed and plotted as in figure 3 . As can be seen in the figure, the amplitude of both pulse pressure and systolic pressure bears a direct relation to the duration of the preceding R-R interval. However, there is a wide scatter of both for a given R-R interval. This scatter is most marked in the range of the shorter R-R intervals, in particular shorter than 0.4 to 0.6 second, and was found whether or not the patient had evidence of heart disease other than atrial fibrillation.
One of the factors accounting for the varying amplitude of pulse pressure or systolic pressure for a given R-R interval is the nature of the preceding beat. This is also illustrated in figure  3 where for each point the pulse pressure amplitude of the preceding beat is indicated by a symbol. It was found that for a given R-R interval, the amplitude of both pulse pressure and systolic pressure was inversely related to the amplitude of pulse pressure of the preceding beat, as has been noted previously by both Einthoven and Lewis.14, 22 In 5 subjects left ventricular pressures wrere determined either by catheterizing the left ventricle by the bronchoscopic technic or with a needle inserted directly into the left ventricle at surgery. The left ventricular systolic pressures showed considerable beat-to-beat variation for a given R-R interval similar to that observed in the brachial arterial pressures. In 1 subject simultaneous aortic and left intraventricular pressures were recorded. Left ventricular systolic pressure for a given R-R interval was shown to be inversely related to the pulse pressure of the immediately preceding beat as measured in the aorta. From these 2 types of studies it is concluded that the peripheral arterial pressures as recorded in the brachial artery reflect the central pressure variations. In summary, the beat-to-beat arterial systolic pressure and pulse pressure variations in atrial fibrillation not only bear a direct relation to duration of the preceding R-R interval, but also an inverse relation to the pulse pressure of the preceding beat. The role of the preceding beat in determining the arterial pressure variations for a given iR-R interval is clarified by the study of ventricular dynamics in this arrhythmia.
Ventricular Dynamics
Ventricular dynamics in atrial fibrillation have been studied by determining the beat-tobeat variations of the durations of systole and diastole, left ventricular end-diastolic volume, end-systolic volume, and stroke volume, and left ventricular systolic and end-diastolic pressures.
Durations of Systole and Diastole. One of the mechanisms by which the preceding beat could influence arterial pressure for a given R-R interval is through its effect on the duration of ventricular diastole or the ventricular filling period. It has been shown by Katz and Feil, 23 and confirmed in this study, that there are beat-to-beat changes in the duration of ventricular systole in this arrhythmia. This is illustrated in figure 4 , where it can be seen that the beats with the larger arterial pulse pressures have systoles of longer duration than do those beats with the smaller arterial pulse pressures. Because of this, beats with the same R-R interval may have varying periods of diastole depending on the duration of systole of the immediately preceding beat, and the R-R interval changes do not accurately reflect the variations in the duration of ventricular diastole. For the same R-R interval, the duration of diastole will be shorter if the immediately preceding beat has a large pulse pressure. In 6 subjects the beat-to-beat arterial pulse pressure and arterial systolic pressure were plotted against the duration of the immediately preceding diastole as determined from simulta- 50- neously recorded heart sounds. In each case a series of more than 50 consecutive beats was studied. As can be seen in figure 5 , the results were similar to those in which the R-R intervals were plotted against arterial pressure. The beat-to-beat arterial pressure variations still bear a direct relation to the duration of the preceding diastole and an inverse relation to the pulse pressure amplitude of the preceding beat. It was concluded that the preceding beat has an effect in addition to its effect on the duration of diastole. Further clarification of the mechanism whereby the preceding beat influences the arterial pressure variations for a given R-R interval depends upon an examination of the ventricular volume changes in this arrhythmia.
Ventricular "Volume" Studies. Left heart border electrokymogram curves that were suitable for the type of analysis used in these studies were obtained from 6 subjects: 2 with mitral stenosis, 2 with postoperative mitral stenosis, 1 with mitral insufficiency, and 1 with atrial fibrillation without other evidence of heart disease. The results were qualitatively similar regardless of the underlying heart dis- figure 7 where the beat-to-beat changes of ventricular enddiastolic volume are plotted against the duration of the immediately preceding R-R interval.
This analysis of factors that control the beat-to-beat variations of ventricular enddiastolic volume helps to explain the inverse effect of pulse pressure amplitude of the immediately preceding beat on the beat-to-beat arterial pressure changes in this arrhythmia. It was shown that the arterial pressure changes are closely related to the changes of ventricular end-diastolic volume. When the preceding beat generates a large pulse pressure, it is a beat initiated from a relatively large ventricular end-diastolic volume, has more complete emptying or a smaller ventricular end-systolic volume, and has a longer duration of systole. Following these beats ventricular filling is initiated at relatively smaller ventricular volumes. The longer duration of systole of these large beats relatively shortens the duration of ventricular filling for any given R-It was directly related to the ventricular enddiastolic volume and not closely related to the duration of the preceding R-R interval. Figure  9 shows the relation of the duration of the preceding R-R interval to stroke work. A wide scatter can be seen, particularly in the range of the shorter R-R intervals. Figure 10 shows the close relationship between ventricular enddiastolic volume and stroke work. These In subjects with atrial fibrillation the beatto-beat changes of left ventricular end-diastolic volume and arterial pressure, although related to the duration of the immediately preceding R-R interval, show considerable scatter for any given R-R interval within a single sequence of beats. These studies have made it possible to explain this scatter, which in effect represents a dissociation between the immediate rate changes and these hemodynamic phenomena.
The ventricular end-diastolic volume for any given R-R in atrial fibrillation is a function of the ventricular volume from which filling is initiated and the volume of blood that flows into the ventricle during diastole. The ventricular volume from which filling is initiated is determined by the end-systolic volume of the preceding beat. The beat-to-beat variations of ventricular end-systolic volume may be as The duration of diastole is a function of both the duration of the R-R interval and the duration of systole of the immediately preceding beat. It has been shown by others23 and confirmed in this study that there are beat-to-beat changes in the duration of systole in this arrhythmia. Therefore, the beat-to-beat changes in the duration of ventricular diastole are not accurately reflected by changes in the duration of the immediately preceding R-R intervals. The ventricular filling curves as recorded by the electrokymograph in these studies are characterized by rapid filling early in diastole and slower filling late in diastole as illustrated schematically in figure 11 and are similar to filling curves recorded with the cardiometer in the experimental animal. 43 The rate of ventricular filling is indicated by the slope of the curve. Because of the flattening of the curves as diastole lengthens, changes in the duration of the diastolic filling period or the volume from which ventricular filling is initiated have little effect on ventricular end-diastolic volume when the ventricular filling period is long. However, when the period of diastole is short, small changes in the duration of diastole or in the volume from which ventricular filling begins have a marked effect on ventricular enddiastolic volume. For this reason the largest beat-to-beat variation of ventricular enddiastolic volume for a given R-R interval occurs when the R-R intervals are short. Another feature of the ventricular filling curves in atrial fibrillation is that the rate and duration of the rapid phase of ventricular filling differ from beat-to-beat as evidenced by the slopes of the ventricular filling curves. However, the slopes of these filling curves are similar if they are related to the ventricular volume during which filling occurs rather than to a portion of diastole with respect to time. Hence, the relative rate of ventricular filling at a given instant during diastole in this arrhythmia is determined by the relative ventricular volume at that instant of diastole.
The beat-to-beat dissociation of ventricular rate and ventricular end-diastolic volume makes it possible to test the effect of these 2 variables on ventricular function in atrial fibrillation. Left ventricular function was calculated in terms of an index of pressure work per beat or stroke work. This index of stroke work is determined by the beat-to-beat changes of both stroke "volume" and mean arterial pressure during ventricular ejection. These studies show that the beat-to-beat variations of stroke work in atrial fibrillation bear a linear relation to the beat-to-beat variations of ventricular end-diastolic volume. There was considerable scatter when stroke work was related to the duration of the preceding R-R interval. From the analysis of the relation of R-R [45] [46] [47] To explain this phenomenon the presence of a poststimulation potentiating substance had been postulated. 45 The results of these studies showed the variations of stroke work to be dependent on the variations of ventricular end-diastolic volume and revealed no evidence of beat-to-beat changes in the mechanical properties of left ventricular muscle as a consequence of the rate changes.
These variations of ventricular end-diastolic volume, stroke volume, and arterial pressure as a result of the ventricular arrhythmia have made it possible to test Starling's "Law of the Heart" in man by studying a single sequence of beats. 48 These studies indicate that the human heart behaves according to Starling's "law."48 41 Figure 10 shows portions of Starling curves from the human heart calculated from the data in this study. Here the index of stroke work is plotted against end-diastolic volume rather than stroke volume against enddiastolic volume as was done by Starling.48 49 In no instance was there seen evidence of a descending limb of the curves as described by Starling although several of the patients in this study had left ventricular enlargement and elevation of the left ventricular end-diastolic pressure. This is manifest clinically by the fact that the beats with the longer R-R intervals always have the largest arterial pulse pressures and highest arterial systolic pressures. If the heart with greater filling operated on the descending limb of the Starling curve, one might expect beats with lower arterial pulse pressure and systolic pressure occasionally to follow the longer R-R intervals. 
